Abstract. In the present study, the effect of aquaporin-1 (AQP1) on fluid transportation in pulmonary epithelial cells, and the role of AQP1 in alveolar fluid clearance were investigated to provide an experimental foundation to elucidate the pathogenesis of hyperoxic lung edema. An siRNA transfection technique was used to silence AQP1 in the A549 cell line. The transfected cells were randomized into a hyperoxia exposure and an air control group, with a negative control group set for each group. Cell volume was determined using flow cytometry, and Pf values were used to determine osmotic water permeability. Cell volume was found to be reduced in the AQP1-silenced A549 cells, compared with the negative control group 72 h following air exposure. In addition, cell volume was reduced in the AQP1-silenced A549 cells, compared with the negative control group 48 and 72 h following hyperoxia exposure. The osmotic water permeability of the AQP1-silenced cells was reduced in the air control and hyperoxia exposure groups, compared with the negative control group 48 and 72 h following exposure. The volume and cell membrane osmotic water permeability of the A549 cells were reduced, compared with those in the control group following AQP1-silencing, which indicated that the downregulation of AQP1 impedes extracellular to intracellular fluid transportation. Therefore, the disturbance in alveolar fluid clearance resulting from the downregulation of AQP1 following hyperoxia exposure may be one of the key mechanisms responsible for hyperoxic lung edema.
Introduction
High oxygen levels may cause bronchial pulmonary hypoplasia, which has a prevalence of 1.26% in China (1) . It has been suggested that alterations in the expression levels of aquaporin-1 (AQP1) may be involved in the rapid transportation of alveolar fluid in the early stages of pulmonary injury, due to previous observations that the expression and activity levels of AQP1 are reduced in multiple pulmonary injuries (2) (3) (4) .
The present study aimed to investigate whether high levels of oxygen affect the expression levels of AQP1 in newborn rat lung epithelial cells, which may be one of the reasons for high oxygen-induced pulmonary edema (5) . At present, there is no direct experimental evidence to support the definite involvement of a downregulation in AQP1 in lung edema in newborn rats exposed to hyperoxia, due to the fact that sodium-potassium ATPase and fluid transportation systems in addition to AQP are also present in lung tissues (6) . In the present study, the AQP1 gene was silenced using an RNA interference (RNAi) technique in human pulmonary adenocarcinoma A549 cells. This was performed in order to verify the direct correlation between AQP1 and cell fluid transportation at a cellular level, in addition to further elucidating its association with the pathogenesis of lung edema during hyperoxic pulmonary injury.
Oxygen is crucial for human beings, but long-term inhalation of a high concentration of oxygen can lead to lung injury in premature babies with bronchial pulmonary hypoplasia (BPD). The pathogenesis of BPD is not entirely clear, however, the pathological process includes early pulmonary edema and late pulmonary fibrosis.
Materials and methods
Cell culture. Human pulmonary adenocarcinoma A549 cells (Central Laboratory, China Medical University Affiliated Shenjing Hospital, Shenyang, China) were cultured in RPMI 1640 culture medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS; Clark, Seabrook, MD, USA) at 37˚C and 5% CO 2 in a cell incubator. The cell medium was refreshed every 1-2 days. Trypsin (0.25%; Merck Millipore, Darmstadt, Germany) was used to digest and passage the cells for 5-10 min every 2-3 days.
Experimental group assignment and intervention. The A549 cells were randomized into two groups: Air group and hyperoxia group. Each group was further divided into a gene silencing group and negative control group. The cells in the air group were cultured in a normal cell incubator (oxygen volume fraction=0.21) and the cells in the hyperoxia group were cultured in a hyperoxic incubator (oxygen volume fraction= 0.90) for 24, 48 and 72 h prior to detection. 5 cells/well in 6-well plates and incubated in antibiotic-free media overnight. A total of 100 µl siRNA (2 µmol/l) and 2 µl DharmaFECT were diluted with 100 µl and 198 µl serum-free medium, respectively, and set aside for 5 min at room temperature. The two dilutions were mixed and left for 20 min at room temperature, prior to the addition of 1,600 µl antibiotic-free and serum-free complete media, to produce a total volume of 2 ml transfection medium. The cells were overlaid with the transfection medium and were incubated for 6 h at 37˚C. The cells were then washed with phosphate-buffered saline (PBS) and cultivated in RPMI 1640 medium containing 10% FBS. At 48 and 72 h post-transfection, the cells were harvested and stored at -80˚C for further analysis.
Inhibition of the expression of aquaporin-1 by RNA interference in pulmonary epithelial cells and its effects on water transport
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The A549 cells were harvested by centrifugation at 111.8 x g at 4˚C for 5 min, and were randomized into a gene silencing and negative control group (1x10 9 cells/group), and were cultured in a cell incubator (oxygen volume fraction=0.21) for 48 h. Briefly, total RNA was extracted from the harvested cells using an acid guanidinium-phenol-chloroform method (TRIzol ® ; Invitrogen; Thermo Fisher Scientific, Inc.). The total RNA was reverse transcribed into cDNA in a 20 µl reaction containing 8 µl RNA, 2 µl oligo(dT)15 (Tiangen Biotech Co., Ltd., Beijing, China), 2 µl dNTP (2.5 mM; Tiangen Biotech Co., Ltd.), 1.5 µl RNase-free ddH 2 The initial denaturation was at 95˚C for 10 min, followed by 40 cycles of 95˚C for 10 sec, 55˚C for 30 sec and 68˚C for 40 sec. Melt curves were used to determine the formation of a single product. The quantification cycle (Cq) was recorded for each sample to reflect the mRNA expression levels. The Cq values and data were analyzed using the 2 -∆∆Cq method (7). The hGAPDH gene (forward, GAAGGTCGGAGTCAACGGAT, and reverse, CCTGGAAGATGGTGATGGGAT) was used as an internal control. All experiments were repeated three times.
Western blot analysis. Total protein was extracted from the cells using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Shanghai, China), and were quantified using a standard curve. The cells were randomized into a gene silencing and a negative control group and were cultured in a cell incubator (oxygen volume fraction= 0.21) for 72 h. Proteins were extracted from the harvested cells for quantitation. The proteins (9 µg) were loaded onto a 5% SDS-PAGE gel (Beyotime Institute of Biotechnology) for electrophoresis and transferred onto cellulose membranes (Merck Millipore) prior to blocking in buffer containing 5% non-fat milk powder for 2 h. The membrane was incubated with mouse anti-human monoclonal AQP1 primary antibody (cat. no. sc25287; 1:400; Santa Cruz Biotechnology, Inc., Danvers, MA, USA) at 37˚C for 1 h, and washed with Tris-buffered saline with Tween 20 prior to hybridization with alkaline phosphatase-labeled goat anti-mouse monoclonal secondary antibody (cat. no. A0216; 1:10,000; Beyotime Institute of Biotechnology) at 37˚C for 40 min. Subsequently, images of the film (WD-9413B; Beijng Liuyi Biotechnology Co., Ltd., Beijing, China) were captured using an imaging system (WD-9413B; Beijing Six One Company) following electrochemiluminescence (Merck Millipore) exposure, and analyzed using Exicycler 96 (Bioneer Corporation). The results were presented as the relative grey value of the AQP1 band/grey value of the GAPDH band.
Determination of cell volume following AQP1-silencing. The cells in each group were cultured for 24, 48 and 72 h prior to washing with PBS and digesting with 0.25% trypsin for 5-10 min. Equal volumes of Dulbecco's modified Eagle's medium containing 10% FBS were used to terminate digestion. Subsequently, the cells were centrifuged at 75.55 x g for 5 min at 4˚C and washed twice with PBS. The resuspended cells were agitated to form a homogenous single cell suspension and were adjusted to 10 9 cells/l. Subsequently, 10,000 cells were obtained from 0.5 ml cell suspension and analyzed using flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, CA, USA), and the average intensity of forward scatter (FSC) was calculated (8) . Light scattering was generated when a single line of cells ejected from the nozzle of the flow cytometer was exposed to laser irradiation. The channel numbers of the average intensity of FSC were used to represent cell volume, as cell volume increased with the intensity of scattering light, or FSC intensity was proportional to cell volume. The cell group assignment and harvesting methods were, as described above. The cells were transferred between PBS of 200 mOsm and 70 mOsm (diluted with deionized water) prior to microscopic image capture (IX53; Olympus Corporation, Tokyo, Japan) every 30 sec for 3 min. The cell area was calculated using Image-Pro 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) for imaging analysis. The cell volume and Pf values were calculated using the above formula.
Statistical analysis. SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. The independent t-test was used for comparisons of means between two samples. P<0.05 was considered to indicate a statistically significant difference.
Results

mRNA expression of AQP1 is decreased in A549 cells following gene silencing.
The RT-qPCR analysis performed in the present study revealed a significant downregulation in the mRNA expression of AQP1 in the gene silencing group (P<0.01), when compared with that of the negative control group. The AQP1 mRNA inhibition rate was 75.5% (Fig. 1) .
Protein expression of AQP1 decreases following A549 cell gene silencing.
The results of the western blotting revealed a significant downregulation in the protein expression of AQP1 in the gene silencing group (P<0.01), compared with that of the negative control group. The inhibition rate of AQP1 protein was 81.5% (Fig. 2) .
Changes in A549 cell volume following gene silencing.
No significant difference in cell volume was observed at 24 or 48 h between the gene silencing group and negative control group when exposed to air (P>0.05), whereas the cell volume in the gene silencing group was significantly reduced, compared with that in the negative control group at 72 h (P<0.01; Fig. 3 ).
Cell volume in the gene silencing group exposed to hyperoxia was significantly reduced, compared with the negative control group at 48 and 72 h (P<0.01), although no significant differences in cell volume were observed at 24 h (P>0.05; Fig. 4 ).
Osmotic Pf following gene silencing. No significant differences were observed in the Pf values between the gene silencing group and negative control group exposed to air at 24 h (P>0.05). However, the Pf values of the gene silencing group were significantly reduced, compared with those of the negative control group at 48 and 72 h (P<0.01, Fig. 5 ).
No significant difference were observed in the Pf values between the gene silencing group and negative control group exposed to hyperoxia at 24 h (P>0.05), however, the Pf values of the gene silencing group were reduced, compared with those of the negative control group at 48 and 72 h (P<0.01; Fig. 6 ). , which is 10 9 -fold higher than normal diffusion velocity (10) . At present, 13 AQPs (AQP0-12) have been identified, which are observed in all life forms, including humans, animals, plants, bacteria and yeasts (11) . Currently, the expression of six AQPs, including AQP1, AQP3, AQP4, AQP5, AQP8 and AQP9, have been identified in lung tissues (12) .
AQPs are important in maintaining the water equilibrium between alveoli and capillaries. AQP1 is expressed in lung endothelial and epithelial cells and regulates water transport, being important in a number of edema-associated lung diseases (13, 14) . Lung injury resulting from multiple factors is accompanied by reductions in the expression and activities of AQP1. Towne et al (14) demonstrated that adenovirus infection resulted in pneumonia, pulmonary edema and downregulation of AQP1 in lung tissues. It has also been reported that the transmembrane fluid transportation capacity mediated by AQP in lung tissues is reduced by 43% in mice following exposure to 100% oxygen for 5 days (15), with reductions in the expression or activity of AQP1 observed. The mRNA expression levels of AQP1 and AQP4 have been found to be downregulated in allergen-induced mouse models of asthma (16) . In addition, reduced expression levels of lung AQP1 and AQP5 may be associated with the development of pulmonary edema and increased severity of lung injury and pulmonary edema, which provides an additional mechanism for pancreatitis-associated lung injury (17) . It has also been observed that impaired alveolar fluid clearance rate is the predominant manifestation in lipopolysaccharide-induced acute lung injury, and symptoms can be relieved through dopamine-induced upregulation in the expression levels of AQP1 and AQP5, and subsequent enhancement of alveolar fluid reabsorption (18). Qi et al (2) reported that limb ischemia-reperfusion-induced lung injury was accompanied by upregulation of the toll-like receptor 4-myeloid differentiation primary response protein 88-nuclear factor κB pathway and downregulation of the expression of AQP1/AQP5. Ventilation with a large tidal volume results in the production of inflammatory mediators and the downregulation of AQP1, which can be attenuated by the inhibition of cyclooxygenase-2 (19). Gao et al (20) observed that the Chinese medicine, Qing Yi Tang, protects the lungs from injury induced by severe acute pancreatitis via the upregulation of AQP1, which suppresses the expression of tumor necrosis factor α.
Experiments have revealed that, compared with wild-type mice, water permeability between the alveoli and the capillaries in AQP1-knockout mice was reduced 10-fold (21). King et al (22) reported that the airway wall was unchanged following saline perfusion in the congenital absence of AQP1, whereas the wall was thickened by 50% in normal airways.
However, upregulation in the expression of AQP1 in lung injury has been observed in previous studies. In a study by Li et al (23) , results from RT-qPCR and western blotting indicated that intratracheal installation of seawater upregulated the mRNA and protein levels of AQP1 and AQP5 in lung tissues. Lai et al (24) observed that inflammatory factors were able to stimulate the expression of AQP1 in cell models, and Song et al (25) used transgenic technology and observed that AQP1-, AQP4-and AQP5-knockout in mice had no effects on pulmonary edema or pleural effusion formation, or on the clearance of lung fluid in acute lung injury of neonatal mice. The underlying pathology of early phase pulmonary edema in hyperoxic lung injury had been confirmed (26) . The present study hypothesized that hyperoxia results in the downregulation of AQP1 on the type II alveolar epithelial cell (AEC-II) membrane, affecting alveolar water transport and clearance. In order to confirm this, an RNAi technique was used to determine the roles of AQP1 in extracellular water transport by silencing the gene expression of AQP1, and to assist in elucidating the mechanism of impaired alveolar fluid clearance in lung edema. As A549 cells and AEC-II share similar structure and function (27) , in the present study A549 cells were used as they multiply more rapidly and are easy to obtain, rather than pulmonary epithelial cells.
RNAi refers to the phenomenon of specific degradation of homologous mRNA, resulting from exogenous or endogenous small double-stranded RNA and subsequent post-transcriptional gene silencing in an organism (28) . RNAi as a novel gene disruption technique, which has become an important tool in investigating gene function due to its advantages, including high specificity, high efficacy, high stability and low toxicity (29) .
In the present study, the extracellular to intracellular fluid transportation capacity was attenuated following AQP1-silencing, as the cell volume was reduced in the transfection group exposed to air and hyperoxia, compared with that in the negative control group at 72 h. Reduced osmotic water permeability and impaired water transport function following AQP1 gene silencing were also observed. In addition, the Pf values were reduced in the gene silencing group, compared with the negative control group at 48 and 72 h, in exposure to air or hyperoxia. These results indicated that AQP1 is important in fluid transport in A549 cells. Combined with the findings of previous studies, these changes may be correlated with the downregulation of AQP1 induced by hyperoxia, and weakened fluid transportation function (5, 18) . Therefore, the downregulation of AQP1 induced by hyperoxia in A549 cells impaired the fluid transportation function of the cell membrane and reduced alveolar fluid clearance, which may be one of the important causal factors responsible for lung edema during the acute phase of hyperoxic lung injury.
